From 2003 to 2008, research on spatial and temporal dynamics of Corbicula fluminea was conducted at 10 sites along the Mondego Estuary (Portugal). A clear spatial and temporal variation in terms of density and biomass was observed, the highest values being found in the upstream oligohaline site, especially in warmer seasons. Seasonal density ranged from 4 to 11 500 individuals m 22 . Biomass ranged from 0.01 to 323 g ash-free dry weight m 22 . Comparing the results collected in the Mondego Estuary with other European and American invaded ecosystems, the density values are extremely high, but the biomass is lower than some of the reported values. This can be explained by the dominance of very small animals in the Mondego Estuary. Furthermore, the stepwise multiple regression model combining environmental variables and biomass of C. fluminea predicted that the areas with higher values of temperature and phosphate, together with lower values of salinity, water flow and silt and clay, support higher biomass. In 2005, a large reduction in density was recorded and was related to the massive mortality of small individuals as a consequence of the severe drought that occurred in the Mondego Estuary.
INTRODUCTION
The geographical distribution of species is not static in time and many species modify their biotic ranges in response to environmental changes in a reasonably predictable manner (Sax et al., 2005) . However, for many decades, the intentional or accidental anthropogenic movement of species has greatly increased the rate of introduction and establishment of nonindigenous invasive species in a variety of habitats, aquatic ecosystems being particularly affected (Cohen & Carlton, 1998; Ricciardi & MacIsaac, 2000) . Since the 1990s, the study of biological invasions in aquatic ecosystems has been gaining momentum in the scientific community, because of their ecological and economic impacts (Parker et al., 1999; Kolar & Lodge, 2001; Sakai et al., 2001; Simberloff et al., 2013) . Bivalves are among the most invasive aquatic faunal groups, inducing important changes in ecosystem structure and function, thus representing a severe threat to local biodiversity (Shea & Chesson, 2002; Sousa et al., 2013) .
The Asian clam Corbicula fluminea is a freshwater bivalve native to Southeast Asia (Aldridge & Muller, 2001 ), but it has now spread across the world. The earliest record of intercontinental invasion its arrival in North America in the 1920s (Counts, 1986) . Since then, it has been recorded in South America around the 1970s and in the early 1980s in Europe (Portugal and France). Subsequently the species has dispersed all over the European continent from Portugal in the west to Romania in the east, including the United Kingdom and Ireland in the north (reviewed by Karatayev et al., 2007; Sousa, Antunes & Guilhermino, 2008b; Franco et al., 2012) . In many cases, C. fluminea completely dominates the benthic assemblages, in terms of density and biomass, in rivers, lakes and upper parts of estuaries (Byrne et al., 2000) and it is known as one of the most successful invasive species in aquatic ecosystems (Cataldo & Boltovskoy, 1999) . Its invasive success is often associated with life-history traits that include short life span, rapid growth, early sexual maturity (at a shell length (SL) of 6-10 mm), high fecundity, freeliving juveniles and extensive dispersion ability (McMahon, In relation to the highly invasive behaviour of C. fluminea and the impacts generated by this species (for a review of impacts see Sousa et al., 2008b) , a methodological approach is required that combines environmental variables with the spatial and temporal dynamics of the species. Most studies so far have been based on a relatively short time-scale. However, studies on longer timescales are needed to understand better the invasion patterns of C. fluminea. The present study used a time series gathered over 6 years to provide information about the key environmental factors that are responsible for the distribution of C. fluminea in the Mondego Estuary (Portugal). This should provide a basis for future management measures that aim to protect local habitats and biodiversity, and to reduce economic impacts. Therefore, the aims of this work were (1) to describe the spatial and temporal dynamics (in terms of density and biomass) of C. fluminea in the polyhaline, mesohaline and oligohaline stretches of the Mondego Estuary from winter 2003 to autumn 2008 and (2) to identify the most important environmental variables influencing the distribution of C. fluminea.
MATERIAL AND METHODS

Study area
The Mondego Estuary (40808 0 N, 8850 0 W) is located in the Atlantic warm-temperate region of Portugal and has a maximum length of 21 km (Fig. 1) . A high proportion of its banks are artificially built up with stones, in order to support agricultural fields along the river in the lower Mondego valley (40 km inland along the river course) and to prevent damage by floods. Large salinity oscillations occur twice a day (decreasing in magnitude from the euhaline to the oligohaline areas) due to the tidal penetration ( 3 m tidal range) and freshwater outflow (annual mean 79 m 3 s
21
) (Marques et al., 2003; Neto et al., 2010) . The upstream portion of the estuary is subtidal and the predominant bottom sediments are medium and coarse sand (Teixeira et al., 2008) .
Corbicula fluminea was first reported in the Mondego River hydrological basin in 2000 and detected in the upstream area of the Mondego Estuary in 2001 (Ferreira et al., 2004; Chainho et al., 2006) . After a preliminary assessment of C. fluminea distribution in the Mondego Estuary, 10 sampling stations were selected covering all the upstream area of the estuary: one in the polyhaline area (St 16), three in the mesohaline area (St 17, St 18, St 19) and six in the oligohaline area (St 20, St 21, St 22, St 23, St 24, St 25) (Fig. 1 ). (Geng, 1925) , the bias can be considered minimal and for that reason we used the above equation as a proxy to assess biomass.
Sampling and laboratory procedures
Sediment samples were also collected to quantify the organic matter content and for granulometric analysis. Sediment organic matter (SOM) was quantified by weight difference after oven drying at 608C for 72 h and combustion at 4508C for 8 h (values were expressed as a percentage of total sample weight). Granulometric analysis was performed by mechanical separation of the material (after combustion) through a column of sieves with different mesh sizes, following the classification system of Brown & McLachland (1990) Water temperature (T) (8C), salinity (S), dissolved oxygen (DO) (mg l 21 ) and pH, were measured in situ close to the bottom using a WTW 380i portable device. Bottom water samples (1.5 l) were collected at each site for determination of dissolved inorganic nitrogen (DIN) and phosphate (P-PO 4 ) (mg l 21 ), chlorophyll a (Chl a) (mg m 23 ), total suspended solids (TSS) (g l 21 ) and particulate organic matter (POM) (mg l 21 ). In the laboratory, each water sample was immediately filtered through Whitman GF/C glass fibre filters (two per sampling station) and stored until analysis. The determination of nutrient concentrations followed standard methods described in Limnologisk Metodik (Ferksvands Biologisk Laboratorium, Københavns Universitet, 1992) for ammonium and phosphate, and by Strickland & Parsons (1972) for nitrate and nitrite. Filter no. 1 was frozen at 2188C for chlorophyll a analysis (Parsons et al., 1985) and filter no. 2 was used for determination of TSS and POM analysis. For TSS, filter no. 2 was weighed, then dried at 608C for 48 h and reweighed. After combustion at 4508C for 8 h, the weight was determined to estimate POM suspended in water.
Hydrological data were obtained from the Portuguese Water Institute (INAG: http://snirh.inag.pt). Seasonal average precipitation (P) (mm per month) was calculated from monthly data obtained from the Soure (13F/01G) meteorological station and the seasonal average water flow (WF) (m 3 per month) was calculated from the monthly data obtained from the INAG station at Ponte-Ac¸ude, Coimbra (12G/01AE), located 40 km upstream from the river mouth.
Data analysis
Corbicula fluminea density data were used to test three null hypotheses with a one-way PERMANOVA: (1) H 0 : there were no significant differences in density between sampling stations ('station' a fixed factor with 10 levels: 16, 17, 18, 19, 20, 21, 22, 23, 24 and 25) ; (2) H 0 : there were no significant differences in density between sampling seasons ('season' a fixed factor with 4 levels: winter, spring, summer and autumn) and (3) H 0 : there were no significant differences in density between sampling years ('year' a fixed factor with 6 levels : 2003, 2004, 2005, 2006, 2007 and 2008) .
The same three null hypotheses were tested with biomass data. The statistical significances of biotic variables were analysed using Euclidean distance and 9999 permutations. When the permutations number was .100 the PERMANOVA-P was applied and if ,100 the Monte Carlo-P was used. The pair-wise analysis (t-test) was used when differences between sampling stations, seasons and years were statistically significant.
A principal component analysis (PCA) of the environmental variables was performed to find patterns in the multidimensional data by reducing the number of dimensions, without much loss of information.
Relationships between biomass (response variables) and environmental variables (explanatory variables) were tested through stepwise multiple regression, in order to estimate the coefficients of the linear equation, taking into account the explanatory variables that best explained C. fluminea biomass.
Before analyses, density and biomass values were log (x þ 1) and fourth-root transformed, respectively. T, pH, DO, DIN, P-PO 4 , TSS, POM, SOM, MS, S þ C and P were not transformed. S, Chl a and WF were square-root transformed and FS was log (x þ 1) transformed. VCS þ CS were removed because they were highly correlated (more than 77%) with MS. All variables were normalized.
One-way PERMANOVA and PCA tests were done with the PRIMER 6 þ PERMANOVA# software (software package from Plymouth Marine Laboratory, UK) (Clarke & Warwick, 2001; Anderson, Gorley & Clarke, 2008) . Stepwise multiple regression analysis was done with Minitab 14.
RESULTS
Environmental characterization
Detailed data for the environmental factors of each sampling station are presented in Table 1 3 m 3 per month and the highest P value (210.7 mm per month) was observed during autumn. There were clear differences in T, S and WF between warm seasons (summer and spring) and wet seasons (autumn and winter). No clear distinction was noted among the samples from the different years. A spatial separation among samples was observed: the upstream estuarine stations (oligohaline) were characterized by lower S and sediments with a higher percentage of CS (Fig. 2) .
Spatial and temporal occurrence of Corbicula fluminea
The highest average density value recorded was 11 500 ind. m (Fig. 3) The stepwise multiple regression model showed that P-PO 4 , S, T, WF and S þ C explained 34% of the total variation of C. fluminea biomass ( Table 2) . P-PO 4 (P ¼ 0.005) and T (P ¼ 0.008) were positively correlated with C. fluminea biomass while negative correlations were found with S (P ¼ 0.000), WF (P ¼ 0.012) and S þ C (P ¼ 0.026) ( Table 2 ).
DISCUSSION
Populations of C. fluminea are renowned for their spatial and temporal fluctuations in density and biomass (Sousa et al., 2008b) . In the Mondego Estuary, C. fluminea was present in the three studied areas ( polyhaline, mesohaline and oligohaline) and population density and biomass showed clear spatial and temporal variations. Our results showed a gradient of increasing density from the polyhaline to the oligohaline areas. However, the highest density values occurred at station 21, in the middle of the study area, and not at the most upstream station (St 25). The reason for the high numbers observed at station 21 was possibly the presence of a sluice near this station, which controls water discharges from a 28-km long channel running parallel to the main river course. According to Franco et al. (2012) , this sluice could prevent individuals of C. fluminea being transported further downstream into the estuary from a fully freshwater upstream environment.
Even using a larger mesh (1 mm), C. fluminea presented higher densities (up to 11 500 ind. m Abbreviations: T, temperature; S, salinity; DO, dissolved oxygen; Chl a, chlorophyll a; DIN, dissolved inorganic nitrogen; P-PO 4 , phosphate; TSS, total suspended solids; POM, particulate organic matter; SOM, sediment organic matter; VCS+CS, very coarse sand plus coarse sand; MS, medium sand; FS, fine sand; S+C, silt plus clay; WF, water flow; P, precipitation.
Hungary: up to 439 ind. m
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, minimum mesh size 0.5 mm; Scho¨ll, 2000; Mouthon, 2001; Werner & Rothhaupt, 2007; Sousa et al., 2008a; Bo´dis et al., 2011 Bo´dis et al., , 2012 In contrast to the relatively high density, the recorded biomass in the Mondego Estuary was relatively low (although it followed a trend similar to density). This can be explained by the dominance of small-sized animals in the Mondego Estuary, confirming earlier findings in this area (Franco et al., 2012) . However, these results differ from those recorded for other invaded areas, where a large number of adults were found (Sousa et al., 2008a) . Franco et al. (2012) suggested that the population pattern observed in the Mondego Estuary could be a result of local population dynamics or due to the transport of individuals from upstream areas. Therefore, the high density of small individuals could have been promoted by larval or juvenile release and subsequent dispersal from upstream areas into downstream parts of the estuary, carried by freshwater discharge. An alternative explanation could be related to local reproduction by a few large individuals that survived the harsher salinity conditions found in downstream areas. Even with a low number of large individuals, local recruitment is possible because the fecundity of C. fluminea is extremely high and sufficient to maintain a constant supply of recruits (up to 69 000 ind. during their life cycle, Aldridge & McMahon, 1978) . Regardless, the unstructured population pattern of C. fluminea in the Mondego Estuary seems to be clearly related to local conditions (high salinity values, mainly in the summer and early autumn, when maximum values ranged between 32.5 and 34.8) that may be unfavourable to its survival and permanence (Franco et al., 2012) . Therefore, in order to draw relevant conclusions about the Mondego Estuary population, it is necessary to understand the population structure in upstream freshwater areas and how these upstream individuals might influence downstream estuarine areas. It is well established that highly structured populations (with small and large individuals) are associated with freshwater conditions, which are described as ideal in the Parana´, Mechum, Minho, Saone and Danube Rivers, for example (Hornbach, 1992; Cataldo & Boltovskoy, 1999; Mouthon, 2001; Sousa et al., 2008a; Bo´dis et al., 2012) .
Local environmental variables (among other factors, e.g. propagule pressure) may determine invasive behaviour (Sousa et al., 2008a) . Thus, data relating density and/or biomass to environmental factors could be important in increasing our knowledge about the invasive behaviour of C. fluminea and hence our ability to implement appropriate management measures (e.g. control of river flow). The information developed for C. fluminea in the Mondego Estuary could be applied to other invaded areas as well, although we must be careful about the highly complex interdependency of each population and the invaded area (Sousa et al., 2008a) . Our stepwise multiple regression model, which combined environmental variables and biomass of C. fluminea, predicted that the habitats of the Mondego Estuary with high water temperatures and phosphate concentrations together with lower levels of salinity, WF, and with low S þ C sediment composition can positively affect C. fluminea.
Corbicula fluminea is a freshwater species with physiological capacity to tolerate brackish conditions (Aldridge & Muller, 2001) . Morton (1982) , McMahon (1983) , Morton & Tong (1985) and Verbrugge et al. (2012) all reported different values for upper salinity tolerance of C. fluminea (range 13 -17) and suggested that salinity is a major controlling environmental factor for the success and of the invasion of new environments by this bivalve. However, salinity may be too high to support a well-structured C. fluminea population in the Mondego Estuary (especially during summer and early autumn), thus affecting its population dynamics (i.e. populations consisting of a high number of small individuals constantly suffering massive mortalities before reaching the adult phase). Hence, areas in the Mondego Estuary with high salinity (downstream stations, where maximum salinity values may reach 34.8) can sustain only a low biomass of C. fluminea dominated by small, mostly juvenile, individuals.
There have been few studies reporting the relationship between phosphate concentration and C. fluminea. In the Mondego Estuary, phosphate concentrations were only slightly different across the sampling stations and the observed fluctuations may have been related to water discharges and the specificities of the phosphorus cycle. The high biomass values in the most upstream stations might have been related to phosphate availability, which can promote algal and plankton productivity, leading to higher food resources for C. fluminea (Esteves, 1998; Sousa et al., 2008b) . However, no relationship was established between chlorophyll a (a proxy of plankton biomass/productivity) and C. fluminea biomass and so further discussion about this point would be speculative.
Water temperature was also identified as a relevant environmental variable and temporal changes in biomass may have been associated with recruitment, which normally occurs during the spring and summer seasons (with higher temperatures, maximum values between 24.30 and 25.708C). According to McMahon (1983) , the timing of breeding in C. fluminea may be modulated by temperature and Aldridge & McMahon (1978) and Rajagopal, Van der Velde and Bij de Vaate (2000) reported that spawning starts as water temperature rises to 158C and ceases when it exceed 308C. However, even with temperatures outside the above reported range, in the Mondego Estuary C. fluminea seems to have a continuous recruitment that could be a result of continuous reproduction (Franco et al., 2012) . This is consistent with water temperature in the Mondego Estuary that has never exceeded 308C and remained above 158C during warm seasons. Nevertheless, reproduction was still greater during warm seasons marked by a greater number of recruits.
Sediment type could be recognized as another factor that influences the distribution of benthic species, including nonindigenous invasive bivalves (Jones & Ricciardi, 2005 , Sousa et al., 2008a . According to a previous study, the presence of C. fluminea was related to the predominance of sandier sediments mixed with S þ C (average 14.5%) (Sousa et al., 2008a) . However, the predominant sediment type in the Mondego Estuary was VCS þ CS with a very low percentage of S þ C (0.46%). This is in agreement with McMahon (2002) , who reported that C. fluminea occurs in lentic and lotic habitats in all types of sediments (mud, sand and gravel). This ability may be due to the high engineering attributes of these organisms; just like other bivalves, C. fluminea can physically modify sediment structure through sediment reworking caused by pedal feeding (Dame, 1996; Vaughn & Hakenkamp, 2001; Sousa, Guitie´rrez, & Aldridge, 2009) . Therefore, C. fluminea may be found in a wide variety of aquatic ecosystems in part due to its ability to inhabit a broad range of sediment types.
WF also seems to influence C. fluminea's success, since the reduction of the river flow experienced in summer can lead to higher temperatures (25.708C), high salinity values (34.80; due to the higher sea water intrusion) and low DO (Belanger, Cherry & Farris, 1991; Johnson & McMahon, 1998 , Matthews & McMahon, 1999 . Therefore, WF can indirectly influence C. fluminea, since it can negatively affect other variables that are crucial for this species, including salinity and temperature. This situation was observed during the summer of 2005 (a very dry year), when the WF was reduced compared with previous summers due to the low levels of precipitation. These drought conditions were responsible for massive C. fluminea die-offs. However, these conditions did not result in a temperature increase. Water temperature never exceeded 268C (similar to other years) and remained well below the 36-378C upper thermal limit of this species (McMahon, 2002; Verbrugge et al. 2012) . On the other hand, lower WF during the summer of 2005 may have promoted an increase in salinity (34.8) when compared with other years (26.8), which could have reduced the physiological ability of C. fluminea to cope with this environmental stress and resulted in elevated mortalities, particularly among smaller individuals which may have a lower tolerance to higher salinities (Ilarri & Sousa, 2011) . This situation increases the energetic investment required to cope with adverse environmental conditions, consequently reducing survival (Sousa, Antunes & Gulhermino, 2006) . Interestingly, after suffering a great decline in density, the population started to recover and density rapidly increased. A similar situation was described for the River Minho Estuary in 2005 and 2009, where C. fluminea rapidly recovered its earlier density after experiencing high levels of population decline, probably due to its 'r-selected' lifehistory strategy (Sousa et al., 2008a; Ilarri & Sousa, 2011) . Overall, this study has increased our ability to understand the major environmental factors controlling the spatial and temporal dynamics of C. fluminea in the Mondego Estuary. This information should be relevant for future management action aimed at control of C. fluminea in the Mondego Estuary in order to protect local habitats and biodiversity and to reduce local ecological and economic impacts. However, further experimental work is required to increase our ecological understanding about this invasive species. It is essential to have a better knowledge about other important environmental variables (e.g. redox potential and current velocity) and biotic interactions (e.g. predation, competition, presence of submerged vegetation, parasitism and facilitation processes) that were not assessed in this study, but may affect C. fluminea density, biomass and spatial distribution in this estuarine ecosystem.
